Magnetoacoustic tomography combines the advantages of electrical impedance tomography with sonography. It can reconstruct conductivity images of biological tissue with high spatial resolution and high contrast. In addition, magnetoacoustic tomography is a new nondestructive functional imaging technology, with which we can realize the early diagnosis of human diseases. In this paper, through theory analysis we deduced the analytical formula of acoustic pressure. Computer simulation and experimental studies on magnetoacoustic tomography with current injection (MAT-CI) were made, and a copper ring was used as the model for the simulation and experiment. Experimental setup and methods are introduced, and the acoustic signals and the image of a metal object by means of MAT-CI are presented. Results of the simulation and experiment were in a good agreement. The reconstructed image of an acoustic source can reflect the conductivity information of a sample. The conductivity distribution of a sample can be obtained by means of MAT-CI. The results provide foundations of study on a model with complex conductivity distribution and tissues for MAT-CI. magnetoacoustic tomography, reconstruction of acoustic source, applied current, convolution
Medical imaging creates and displays tissue lesions directly, and plays an important role in medical diagnosis. X-ray imaging technology [1] and X-ray computed tomography (CT) imaging technology [2] can cause damage to the human body because of their capability to ionize during the X-ray scan. The ultrasonic imaging technique [3] provides higher-resolution images, and although the contrast of this technique is relatively low, although it is not harmful. Magnetic resonance imaging (MRI) [4] is a noninvasive method for body composition analysis because this technique does not use ionizing radiation (unlike CT scans and X-rays) [5, 6] . However, the use of MRI is limited due to the high cost of equipment. All of the above medical imaging technologies use morphology and structure imaging, and their application is only focused on diagnosis of tissue or organ morphological structure that has been diseased, and cannot realize the early diagnosis of human diseases.
Electrical impedance tomography (EIT) [7] is a novel medical imaging technology. It has the outstanding advantages of noninvasive, functional imaging and medical image monitoring. As a functional imaging modality, EIT is very suitable for early diagnosis, and it has been used in various clinical applications and continues to attract the interest of substantial researcher, because of its functional imaging characteristics. However, the spatial resolution of EIT is low.
Magneto-acoustic tomography (MAT) [8] was proposed in recent years, which can combine ultrasound tomography with electrical impedance tomography. MAT can achieve noninvasive electrical impedance imaging with high spatial resolution. In MAT, the sample is placed in a static magnetic field, and a time-varying magnetic field is added around the sample. The time-varying magnetic field induces an eddy current in the sample or a time-varying current is injected into the sample directly. According to Lorentz's law, the current in the static magnetic field causes vibrations due to the Lorentz force and emits ultrasound signals. These ultrasound signs are collected by transducers located around the sample for reconstruction of a conductivity image of the sample, which reflects the distribution of conductivity [8] . Magnetoacoustic tomography combines the advantages of electrical impedance tomography with sonography fully and achieves functional imaging with high resolution and high contrast.
Compared with the other similar imaging modalities aimed at obtaining electrical impedance distribution such as EIT and magnetic resonance electrical impedance tomography (MREIT), MAT has unique features as follows [9] : in MAT, the measurement is of an acoustic signal instead of a magnetic field or voltage, so the effects that come from external electromagnetic interference is relatively little and the error is reduced to a certain extent. At the same time, it avoids the need of contact measurements and achieves high spatial resolution electrical impedance imaging. MAT is compatible with the MRI setup. In both imaging modalities, the sample is located in a static magnetic field. However, MAT is much less demanding in terms of field homogeneity and stability than MRI [9] .
MAT includes magneto-acoustic tomography with magnetic induction (MAT-MI) [10] [11] [12] [13] and magneto-acoustic tomography with current injection (MAT-CI). MAT-MI uses magnetic induction to induce eddy currents in the conductive sample and generates acoustic vibrations through the Lorentz force coupling mechanism, which was proposed by He group [9] in 2005. After that, a number of research units at home and abroad have carried out a series of studies on MAT-MI. He group [13] derived the formulae for the forward problem and the inverse problem, and studied conductivity reconstruction of MAT-MI [14] . Experimental studies were also carried out on copper loops [9] , gel phantoms [11] and salted tissue samples [13] . Research at the Institute of Electrical Engineering, Chinese Academy of Sciences published their findings on the mechanism of sound source and to propose three methods to avoid the singularity of the divergence of Lorentz force on the interface between two mediums [15] [16] [17] . Experimental setup and methods were also established [18] .
In MAT-CI, the ultrasound caused by the injected current in the conductive sample [19] is measured by transducers of the imaging system, so the realization of the excitation source is easier than MAT-MI. Currently, related research on MAT-CI is relatively less. The Institute of Biomedical Engineering, Chinese Academy of Medical Sciences [20] and Institute of Electrical Engineering, Chinese Academy of Sciences [21] carried out research on MAT-CI, the results of which proved the feasibility of the proposed MAT-CI approach with no relevant reports published elsewhere. The effect on pressure signals caused by ultrasonic transducer characteristics has not yet been considered at present. For image reconstruction, only a 1-D model was reconstructed by a direct tracing point method; ultrasonic transducers cannot be positioned accurately because of the use of a highly simple experimental device.
Both MAT and MAT-CI make use of electrical-acoustic coupled by the Lorentz force, where electric currents are produced in the sample and acoustic signals surrounding the object are measured. In MAT-CI, electric currents are injected into the sample directly, so interference on the ultrasonic detection equipment and static magnetic field can be avoided, which is caused by pulsed magnetic field in MAT-MI. The cost of MAT-CI is low and the device is easier to realize. To solve the problems above, we investigated the acoustic signal based on acoustic transducer characteristics, and the acoustic source distribution of the 2-D model was reconstructed for the pressure on the circular detection surface by the time reversal method. In the experimental study, we demonstrated a 2-D system in which the detector scans around the object in a circle and is controlled by a single chip microcomputer. In this system, an acoustic signal can be received more accurately. Two permanent magnets were positioned ~2 cm under and over the sample; the permanent magnets can create a uniform magnetic field and avoid electromagnetic interference caused by the electromagnet.
We established a sheet copper ring model to study the problems above. Both computer simulation and experiments were conducted on the current distribution, vibration of sample and acoustic wave propagation and transducer characteristics.
Theory

Forward problem of MAT-CI
The forward problem describes two major physical processes in the signal generation mechanism of MAT-CI, i.e. current conduction in the sample, and the processes of the Lorentz force inducing an acoustic signal and acoustic wave propagation. Figure 1 shows the conceptual framework of MAT-CI imaging. The area with black dots is the static magnetic field, the direction of which is perpendicular to the paper outward, which is B 0 =B 0 z, z is the direction of static magnetic field, B 0 is the magnetic flux density. The gray area is the copper ring plate to be detected, the conductivity of which is  1 . The ultrasonic transducers are located around the sample in a circle, and both the sample and the transducers are immersed in pure water ( 0 =0) for better ultrasound coupling. The current is injected into the sample in A and B areas using the electrodes.
On the exterior boundary of the sample, the current density of A and B areas is e  J , and on the rest boundary, the normal component of the current density is zero. Assume the magnetic vector potential in the sample to be A, and the magnetic flux density in the sample can be expressed as    B A . The sample in Figure 1 is axisymmetric, so the control equation of MAT-CI can be described as follows:
Illustration of the present MAT-CI system.
where n is the normal component of the outer boundary, and  is the outer boundary of the sample. The Lorentz force is excited by the current in the static magnetic field, and its expressions is as follows:
where r′ is the position of acoustic source and J(r′) is the total current density inside the sample. In MAT-MC, the current in the sample causes particle vibrations and generates a detectable ultrasound signal. The acoustic signal is then measured by acoustic transducers around the object. The relation of acoustic pressure and distribution of the current density in the sample and static magnetic field is governed by the following wave equation [22] :  is the Laplacian operator. The acoustic pressure can be obtained using Green's function [23] . If the focused transducer and very flimsy sample such as the sheet of copper using in this paper are used, the acoustic wave is measured only, which is emitted by the sample on the focal plane of the ultrasonic transducer. Thus, the integration can be calculated on a section of the sample. The section can be considered as an acoustic source, and the acoustic pressure at the position of the transducer can be derived as
where r is the position of transducers, R=|r′r|, and  is the whole area of integration that contains all acoustic sources. As is shown in eq. (4), at the moment t, the acoustic pressure p(r,t) collected at r is proportional to the integral results of all acoustic source terms J(r′)×B 0 on the circle, the center of which is at the point r with a radius of tc s . Making a further derivation on eq. (4), we obtained the formula of acoustic pressure at the point of the transducer:
where r is the distance from point O to the position of transducer r,  N and  N are the upper and lower limits of integration, respectively ( Figure 1 ). According to eq. (5), we can calculate the sound pressure value at the position of r.
Acoustic pressure collected by a transducer h(t) is defined as the impulse response of the transducer. In MAT-CI, the resultant signal w(r,t) collected by the transducer is a convolution between the acoustic pressure p(r,t) and the impulse response h(r,t) of the transducer as [24] ( , ) ( , ) ( ). w t p t h t
Eq. (7) can be expressed with their product in the frequency domain as
where
W(r,), P(r,) and H() are the Fourier spectra of w(r,t), p(r,t) and h(t),
respectively. Based on the least mean square error estimation, acoustic pressure p(r,t) at the position of the transducer can be restored with the Wiener filter for the deconvolution in the presence of noise [24] ,
here FFT 1 denotes the inverse Fourier transform operation, the asterisks "*" mean the complex conjugation and C is an approximate constant based on the spectral density ratio of signal to noise. Using the resultant signal w(r,t) collected by the transducer we can obtain the acoustic pressure p(r,t) at the position of the transducer through deconvolution.
Inverse problem of MAT-CI
The inverse problem of MAT-CI is to study how to recon-struct the acoustic source terms (Lorenz divergence) distribution from the resultant signal w(r,t) that we can measure around the sample. During the image reconstruction process, if the resultant signal w(r,t) is only used, which is collected from one direction of the transducer, its numerical value cannot be identified precisely. However, if the resultant signals w(r,t) are used, which are collected from various directions of the transducers, a 2-D image can be reconstructed. The acoustic source term (3) can be obtained by the means of the simplified back projection algorithm for acoustic sources [25, 26] .
n r r' r r r' r r' (9) where S is the surface on which acoustic transducers are placed, p″ is the second derivative of the acoustic pressure over time, and n is the normal vector of S at r′ position. Eq. (9) indicates that the Lorenz divergence distribution can be reconstructed from p(r,t) at the position of the transducer.
Simulation study
Design of simulation model
To verify the validity of the proposed theory of MAT-CI, 2-D simulations were conducted for a copper ring on the calculation of acoustic pressure p(r,t) at the position of the transducer, acoustic pressure collected by the transducer and the image reconstruction of ultrasonic source. The conductivity distribution of the copper ring with a thickness of 1 mm is shown in Figure 1 . The outer and inner radius of the copper ring is 15 and 9 mm respectively. The copper and transducer were immersed into pure water of 0 0   S/m for acoustic coupling. The acoustic velocity in the water is 1500 m/s. The central frequency of the transducer is 1 MHz. The transducer scans around the sample in a circular orbit with a radius of 100 mm. The acoustic system was considered to be acoustically homogeneous without the consideration of acoustic reflection, dispersion and attenuation.
Numerical simulations of acoustic pressure
During simulations, the resultant signal w(r,t) collected by the transducer and acoustic pressure p(r,t) at the position of the transducer were calculated based on eqs. (5) and (6) with a step angle of 2°. Because the copper ring is axisymmetric, the resultant signal w(r,t) collected by the transducer, is the same at every measured angle. Figure 2(a) shows the acoustic pressure p(r,t) obtained at an angle of 0°, where the acoustic pressure begins at 56.7 s and ends at 76.7 s. The moments 56.7 and 76.7 s correspond to the propagation time, respectively, in which the acoustic pressure p(r,t) induced by the two outsides of the copper ring propagates to the transducer. 
Simulation of image reconstruction
Based on the back projection algorithm of eq. (9), the Lorentz force divergence image of MAT-CI was reconstructed as illustrated in Figure 3 with 180 simulated values of acoustic pressure p(r,t). The reconstructed image clearly displays the shape and size of the outer and inner media of the copper ring. Figure 4 shows the diagram of the MAT-CI system setup. In this setup, pure water to a certain height was placed in the Reconstructed Lorentz force distribution image by the simulation data.
Experimental
Experimental apparatus and procedure
water tank. Both samples and the transducer were immersed in the water for good acoustic signal coupling. Two permanent magnets were used to get an approximately uniform magnetic field of 0.2 T between them. Current excitation consists of a signal generator and an amplifier, where the signal source adds a time-varying current to the sample through the power amplifier. The ultrasonic detection system is composed of ultrasonic transducers, an amplifier, an oscillograph, a stepper motor and a drive control system. The ultrasound transducer is driven by a stepper motor that is controlled by a microcomputer chip to scan around the sample in a circular orbit; acoustic signals were collected and recorded each time as long as the ultrasound transducer turned to a certain angle. The signal from the transducer was first amplified, and then displayed and recorded by the oscilloscope. Then, the collected signal was transferred to a computer for processing.
Acoustic detection experiment
A copper ring was used as the experimental sample as shown in Figure 5 . The inner and outer radiuses of the copper ring are 9 and 15 mm, respectively. During the experiment, the copper ring was placed on a bracket and located between the two permanent magnets to ensure that the sample and center axis of ultrasonic transducer (Panametrics V303, diameter, 19 mm) are at the same height. The flux density of the magnetic field along the z-axis was 0.1 T. The signal generator provided a square waveform signal with an amplifier amplitude of 10 V, 0.5% duty and a frequency of 2 kHz. The amplification of the amplifier was 20, the output current of which was 2 A. The ultrasonic transducer was installed on a mechanical scanning device, and was scanned around the object in a circular orbit with a radius of 100 mm, the step size of the scanning is 2°. The signal from the transducer was first amplified, and then was sampled at 1 GHz by a computer. Figure 6 is a figure of acoustic signal waveform obtained from an oscillograph, where the horizontal axis represents time (10 s/div); the vertical axis represents measured voltage, and the pulse pointed by the left arrow is a pulsed magnetic field caused by spatial coupling. CH1 is a waveform of the synchronous signal (1 V/div), the reference time point is the initial time signal of CH1, and CH2 is the waveform of the acoustic pressure w(r,t) (2 mV/div) collected by the transducer. There are two acoustic pressure waveforms with a time delay of about 16 s, which matches the distance between the front and rear boundary of the copper ring according to the position of the transducer. It shows that the two acoustic pressures correspond to the two outer boundaries. The acoustic signal waveform obtained by the simulation is similar to the waveform collected in the experiment. Figure 7 is the image of an acoustic source reconstructed by an acoustic waveform measured in the experiment. The image agrees well with the shape and size of the copper ring. The current is high at each conductive boundary of the sample because of the skin effect, corresponding to the large Lorenz force that leads to high vibration amplitude of the acoustic source. The reconstructed image represents the shape and size of the copper ring, and can reflect the position distribution of conductivity changes in the sample.
Image reconstruction of the experiment
Conclusion
In the present paper, a study was performed on MAT-MC. In the theoretical section, we provided formulae for acoustic signals based on the theories of electromagnetic fields, sample vibration and ultrasonic detection. A computer simulation was conducted on a copper ring to obtain the acoustic pressure of p(r,t), and the acoustic image of MAT-CI was reconstructed based on a back projection algorithm. Experimental setup and methods were introduced, and the acoustic signals and the image of a copper ring were presented. Acoustic signal can be obtained more accurately using an acoustic transducer that scans around the object in a circle and controlled by single chip microcomputer. The results of the computer simulation were consistent with experimental results, and the reconstructed image of the copper ring was in good agreement with the shape of the sample. The results of present studies offer a new idea for reconstruction of the conductivity distribution, and provide a new method of imaging for early diagnosis of human tissue disease. It provides a theoretical basis and technical approach for the feasible application of MAT-CI in impedance imaging.
